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THE FUNCTIONAL-DIFFERENTIAL EQUATION
¥ (x) =ay(hx) +by(x)!
BY TOSIO KATO AND J. B. McLEOD?

ABstrRACT. The paper discusses the functional-differential
equation

(1) y'(x) = ay(x) + by(x) 0 2 x < »),

where a is a possibly complex constant, b a real constant, and X a
nonnegative constant.

The paper first shows that the boundary-value problem associ-
ated with (1) and the boundary condition

y(0) =1

is well-posed if A <1, but not if A>1.

The remainder of the paper discusses the asymptotic properties
of solutions of the equation as x— ». If A<1, it is possible to dis-
cuss the asymptotics of all solutions of the equation; if A>1, it is
shown that, given a specific asymptotic behavior, there is one and
only one solution which possesses that asymptotic behavior.

1. Introduction. The functional-differential equation
(1.1) Y(@) = ay(\a) + by(@) (0= & < =)

arises as a mathematical idealization and simplification of an indus-
trial problem involving wave motion in the overhead supply line to an
electrified railway system [1]. (It is curious that the particular case
b=0 also appears in the quite different context of a partitioning
problem in the theory of numbers [2].) In the problem as it arises in
practice, @ and b are real constants, and y is a real-valued function,
but without significant complication we can (and shall) allow complex
values for ¢ while retaining b real. The case a =0 is trivial and we shall
always assume a 0.

1 An expanded version of an invited address delivered by the first author to the
680th meeting of the Society in Pasadena, California on November 21, 1970; received
by the editors June 17, 1971.
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The quantity N is a nonnegative constant, the cases A\=0and A=1
being trivial and so omitted from further consideration, and there are
basic differences between the two cases 0 <A<1 and A>1. In the
practical problem, if 0 <A <1, then the equation (1.1) has associated
with it the boundary condition

(1.2) y(0) =1,

but if A>1, no such boundary condition seems to arise. This is in line
with the first two results we prove in this paper, that the boundary-
value problem (1.1) and (1.2) is well-posed if 0 <A <1 (Theorem 1),
but not if A>1 (Theorem 2).

The remainder of the paper is concerned with the asymptotic be-
havior as x— o of solutions of (1.1), not necessarily also satisfying
(1.2), and to see what sort of results are to be expected, we look briefly
at some general properties of solutions of (1.1). By the simple change
of variable x=¢%, A=e¢°, y(x)=2(s), (1.1) becomes the difference-
differential equation

e3'(s) = az(s + ¢) + ba(s) (—w <5< ),

and we shall wish to use this transformation on occasions, although it
does not always simplify the analysis to do so. But it does mean that
certain well-known properties of solutions of difference-differential
equations can be taken over (without proof) to (1.1), and this we
now do.

By a solution of (1.1) we mean a complex-valued continuous func-
tion y(x) defined in some subinterval of 0 <x < « and satisfying (1.1).
If the original interval of definition includes an interval of the form
[Axo, xo] A <1) or [xo, Axp] (\>1) for some fixed x,>0, then the
solution can be extended uniquely to the right (increasing values of x)
or to the left (decreasing values of x) by using (1.1), and by a solution
we shall always mean from now on a solution extended as far as it can be
in either direction.

To consider first the case A<1, we extend to the right by solving
(1.1) as a differential equation for y(x) in the interval [xo, A\=1x,],
y(\x) being known, and the solution is unique because we demand
continuity at x =ux,. Further, even if the solution is merely continuous
in [Nxo, 0], it will be continuously differentiable in [xo, A"1x,] be-
cause an integration is involved, and the process can be continued
indefinitely to show that the solution can be extended to all of x = \x,,
becoming more and more differentiable as x increases. Thus all solu-
tions of (1.1) are well-behaved as x— «, and it makes sense to try to
discuss the asymptotic behavior of all solutions. This proves to be
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possible, and is done in Theorems 3-7, the cases <0, 6>0, b=0
having to be considered separately. Theorems 3, 5, 7 discuss general
asymptotic behavior, while Theorems 4 and 6 make some remarks
about the specific solution which also satisfies (1.2).

If, still with A <1, we extend to the left, the solution loses degrees
of differentiability instead of gaining them, and if it is, in its original
interval of definition, differentiable only a finite number of times,
then the extension can be carried out only a finite number of times.
In order that the solution can be extended to all of x>0, it is there-
fore necessary that it be infinitely differentiable.

If we turn now to A>1, the roles of “right” and “left” are inter-
changed. A solution defined in [x, Ax,] can be extended to all of
x =%, only if it is infinitely differentiable. It is therefore impossible
to discuss the asymptotic behavior of the “general” solution, and
instead we show that, given a specific asymptotic behavior, there is
one and only one solution of (1.1) which exhibits this. Results of this
type are discussed in Theorems 8-10, the cases >0, b <0, b =0 again
being considered separately.

In Theorems 8-10, the asymptotic behavior that we investigate
has a certain degree of smoothness. If however we consider instead
asymptotic behavior given by a distribution, then a rather beautiful
duality appears between the cases A<1 and A>1, in that the condi-
tions (4.3) below which characterize the possible asymptotic be-
havior of any solution of (1.1) when A <1 are strikingly similar to the
conditions (10.5) which characterize those solutions of (1.1) which
have distributional asymptotic behavior when A > 1. The discussion of
this is given in Theorem 11.

The general field of functional-differential and difference-differ-
ential equations is a rapidly growing one [general references are
[3], [10]], but the work closest to ours is that of de Bruijn [[4], [5],
[6]], which was brought to our attention by Professor K. Cooke.
De Bruijn’s work is relevant at various points, but in particular in [6]
he gives a very complete account of the case 0<A<1, b=0. (It is
perhaps curious that the case =0 is in many ways the most difficult
one to discuss.) Some work has also been done by E. W. Bowen and
G. R. Morris [7], their results including a demonstration of non-
uniqueness (alternative to that of Theorem 2 of the present paper)
for the boundary-value problem (1.1) and (1.2) when A>1 by ex-
plicitly exhibiting an infinite family of solutions. In [8], Frederickson
proves the existence of a solution with periodic modulus for a class of
equations which includes (1.1) with A\=2, ¢>0, b=0; and in [9] he
constructs families of analytic solutions of (1.1), and of a generaliza-
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tion of (1.1), and uses these to construct other solutions which have
specific properties.

2. Existence and uniqueness for (1.1) and (1.2): the case 0 <A<1.

THEOREM 1. If 0<N <1, then, given any 6> 0, the problem defined by
(1.1) and (1.2) in [0, 8] has one and only one solution, and this solution
s in fact a solution for all x and is an integral function of x.

Proor. Existence and uniqueness can be established in the usual
way by Picard’s method of successive approximations, setting

)’o(x) = 1)
ya(x) =1+ fz{ay,,_l()\t) + bya_1(2)} dt n=1,2,--:).

The details are sufficiently well-known to require no exposition.
The method produces the solution in the form of a power series,
and we can obtain this form alternatively by trying a solution

(2.1) y =14+ a.an

n=1

Substitution in (1.1) and equating coefficients of x"~! gives the
recurrence relation

NGy = QQn_ A" - bay_y,

so that
(2.2) an/n_1 = (aA""1 4 b)/n.

It follows at once that the power series has infinite radius of con-
vergence, and so the solution is an integral function of x.

3. Existence and uniqueness for (1.1) and (1.2): the case A>1.

THEOREM 2. If N> 1, there is no solution of (1.1) and (1.2) which is
analytic in a neighborhood of x=0. There are however an infinite num-
ber of solutions, even of infinitely differentiable solutions, of (1.1) and

1.2).

REMAREK. It is easy to deduce from the proof that every solution of
(1.1) tends to a limit as x—0, although we may not have y(0) =1.
This is a result comparable to that in [5], and in fact if we make the
change of independent variable x =¢™¢, so that t—© as x—0, our
equation has strong similarities to that discussed by de Bruijn, al-
though it does not quite fit under the conditions he imposes.
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Proor. To dispose first of the possibility of an analytic solution,
we try a solution of the form (2.1) and are led as in §2 to the recur-
rence relation (2.2). Since now A>1 and a0 (as we always suppose),
the radius of convergence of the power series is 0, as required.

To show that there are an infinite number of infinitely differentiable
solutions, let us suppose that a solution is defined by setting
y(x) =f(x) in [x0, Axo], where f(x) is infinitely differentiable and x>0
is to be fixed later, and then extended to the left by using (1.1). The
extended solution will be infinitely differentiable for all x in 0<x
=MNx, provided that, as was indicated in §1, it is infinitely differ-
entiable in [x,, Ao ], which is so since f(x) is infinitely differentiable,
and provided that the values of f and its derivatives at x =x cor-
respond with those at x =\x, according to (1.1), i.e. if we have

f'(a) = af(\xo) + bf(x0),
and, by successive differentiation of (1.1),
(3.1) f™(x) = WY (x) + b D(x)  (m=1,2,3, ).

To continue the argument, we must now show that it is possible
to find infinitely differentiable functions f(x) which satisfy (3.1). The
simplest way to do this is to use a function f(x) of the form

(3.2) @) = exp{—(z — Ax)? — (& — x0)*} g(a),

where g(x) is any function infinitely differentiable in [xo, Axo]. For
the exponential factor ensures that f*, together with all its deriva-
tives, vanishes at both x=x, and x=»Ax,, so that (3.1) is certainly
satisfied. We shall however require a slightly different form for f(x),
and we satisfy (3.1) by finding a function f(x), infinitely differentiable
in [xo, Axo], such that

f(xO) = a, f(")(xo) =0 ("’ =1,2,.-- )J
fO\xo) = — b, f(n)()\xo) =0 (” =12,--- )
We can achieve such an f by setting
Azg
(3.3) flx) = — b+ 1*@ dt,

where f* is given by (3.2) with g chosen so that

Azg

f*(t) dt = a + b.

zo

This implies that in general g is complex-valued, since ¢ may be, but
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we shall insist that arg g is constant. This means that, for f defined
by (3.3) and x in [xo, A%o], |f| does not exceed the greater of |a| and
Ib‘ . The degree of arbitrariness in g is still very considerable, but we
shall not need to specify it further.

Let us suppose that f so defined has upper bound M, in [x, %],
so that M, is the larger of |a| and || and is therefore independent
of the choice of xo, which we have still to make and which will be
small. If we write (1.1) in the form

d
2 ) = ae~**y(\z),

and integrate, we see that, for the solution y defined by y(x) =/(x)
in [x, Axo], we have, for x in [A=1x, x0],

(3.4) | y(x)ete — y(axg)e | < |al Moe“"%fzodt.

But y(xo) =a, and so
y(x) = y(xa) {1 + [Kxo]},

where [Kx,] denotes a term not exceeding Kx, in modulus, K being
a constant which is independent of the choice of x, if x¢ is bounded
above, and we are thinking of x as small. Hence we have

y(Nxg) = y(x0) {1 + [Kwo]}
and also

My= |y | {1 + [Kx},

where M, is the upper bound for vy in [Ax, x].
We can now repeat the argument for x in [N=2xo, A=1x,], and we
obtain, from the inequality corresponding to (3.4).

y(x) = y(\wo) {1 + [KN"1x0]} + [KA~1aoM ).

(The reader will find it easy to verify that there is a common choice
of K possible throughout the argument.) Substituting the estimates
for y(\~'xo) and M,, we have

y(x) = y(@o) {1 + [Kwxo]} {1 + [2KN"1xo]},
and an inductive argument shows that, for x in [A\=(+Dg,, N—nx,],

y(x) = y(xo) {1+ [Kaxo]} {1+ [2KN 1]}

(3.5) {1+ [2KA20]} - - - {1+ [2KNma]}



1971] FUNCTIONAL-DIFFERENTIAL EQUATION 897

The convergence of []7 (14+\-") implies that y(x) is bounded as
x—0, and (1.1) then shows that y’(x) is bounded and so y(x) tends
to a finite limit, [ say, as x—0; and if x, is chosen sufficiently small,
it is clear that there will be no zero factors in (3.5), and that conse-
quently /#0. Indeed, by multiplying y by a constant factor (which will
not alter the fact that y satisfies (1.1)) we can arrange that /=1, and
the degree of arbitrariness in our choice of g then shows that there are
infinitely many solutions y of (1.1) and (1.2), all infinitely differenti-
able. This completes the proof.

4. Asymptotic form of solutions when A<1: the case b<0. We
recall from §1 that in the case A <1 all solutions are defined in an
interval of the form (R, «), where R=0 may vary from solution to
solution, so that we hope to discuss the asymptotic behavior of all
solutions of (1.1), regardless of whether or not they also satisfy (1.2).
The results depend heavily on the sign of b, but before stating these
precisely, we make some intuitive remarks about what might be
expected in the case 5<0.

We might hope most simply for algebraic solutions. If y is to be-
have like x*, then since ¥’ is presumably negligible compared with 7,
we determine k from the equation

0 = a(\x)k 4 bx*,
so that
(4.1) k = log(—b/a)/Log A,

Log denoting the principal branch of log, so that —r <im(Log 2) = .
The equation (4.1) determines uniquely re k2 (=k, say) and so
| x| (by x* we mean e¥les=), for

K= (Log| b/aI)/Log A;

but it does not determine k; for if %, is any one value, then the com-
plete family of values is given by & =k., where

(4.2)  kwm= kot 2mmi/Log\  (m =0, £1, +2,--.),

and consequently a complete description of the asymptotic behavior
of solutions is presumably given by a linear combination of terms of
the form x*m, i.e. of the form x* exp{2mmri Log x/Log 7\}. In view of
the Fourier completeness of the complex exponential functions, this
would seem to imply that the complete asymptotic behavior is given
by x*g(Log x), where g is periodic in Log x of period ILog )\l , and it
is essentially this that we prove in Theorem 3.
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It should also be remarked that if a >0, then ., may be taken to
be real, so that there is a possible asymptotic behavior which is real
and nonoscillatory. (When ¢ is real, it is of course possible to have
real solutions, and indeed complex solutions have real and imaginary
parts which are separately real solutions.) But if @ <0, then &y must
be complex, and if we are interested in real solutions with the asymp-
totic behavior x*og(Log x), then g(Log x) must be complex-valued.
(That it is possible for a real solution to have such an asymptotic
form is best seen by considering re y(x), where y(x) is a solution with
the asymptotic form x*g(Log x). Then re y(x) has the asymptotic
form

re{atig(Log x)} = }{a*og(Log x) + 2%Z(Log )}
= ato{g(Log x) + aFkg(Log x)},

and g(Log x)+x*—*3z(Log x) has period ILog )\| in Log x, just as g
has.) Also, if a < 0, an increase in Log x of | Log A\| will leave g(Log )
unchanged and negative x*, and so all real solutions must be oscil-
latory.

Finally, if |a| <|b|, then re ko <0, and so the modulus of solutions
tends to 0 as x— 0, while if |a| >|b|, the modulus tends to .

THEOREM 3. Let b < 0, and let ko be any particular solution of (4.1).
Let k=re k.

(1) Every solution of (1.1) is O(x*) as x— .

(ii) No solution of (1.1) (apart from the identically zero solution) is
o(x*) as x— .

(iii) Given any infinitely differentiable function g(s) which is periodic
of period [Log >\| and satisfies the condition that, for some positive K
andallnand s,

(4.3) | g™ ()| = Kmrin—='n,
then there is one (and by (ii) only one) solution of (1.1) which has the
asymptotic behavior

wt{g(Log x) + o(1)}.

Further, every solution y of (1.1) has this asympiotic behavior for some
such g(Log x), and we can in fact write

had " gn L )
(44) y=ab {8(L°g )+ (1 — )\—l)z f ;20)8.”. (1— A-“)} ’

where the series is absolutely and uniformly convergent for x sufficiently
large, and the functions g., all infinitely differentiable and periodic, are
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obtained from g =g by the recurrence formula

(4.5) gn, = - (ko - n)gn + §n1-
(Particular functions g satisfying (4.3) are clearly given by
(4.6) g(s) = exp{2mmis/Log A}.)

(iv) If g(s) is a function of period | Log )\I satisfying (4.3), and if the
Fourier coefficients of g with respect to the functions (4.6) are {cm}, so
that

4.7) g= 2, omexp{2mmis/Log\},

then if vy is the solution of (1.1) corresponding to g, and y.. the solution
corresponding to exp{2mmwis/Log N}, we have y= % . CmYm, the series
being absolutely and uniformly convergent for x sufficiently large.
(Thus the functions Y., form in some sense a complete set of solutions of

(1.1).)

REMARKS. 1. There is a striking duality between the cases A<1
and A>1, brought out particularly by the equations (4.3) and (10.5)
below. Note also the resemblance between (4.4) and (7.2).

2. Note that the recurrence relation (4.5) can otherwise be written

d
(4.8) i (akr—ng,(Log x)) = abon1g, . ,(Log x),
so that
n+1
4.9) gho—( g, (Log x) = (a*og(Log x)).
dxn+1

3. By taking s=Log x as an independent variable, we can trans-
form (1.1) to the form (4.10) below, when it becomes the type dis-
cussed in [4]. We could in fact use de Bruijn’s results to prove (i),
(ii) and parts of (iii) of the present theorem, but we would not then
obtain the estimates we require for the remainder of (iii), and so we
prove (i) and (iii) de novo. But (ii) is covered by Theorem 7 of [4], and
all that we shall do is to show that it is so covered.

4. Having in mind comparison with Theorem 7 below, we note
that the characterization of g given by (4.3) can alternatively be
expressed in terms of the coefficients ¢, in the Fourier expansion of
g. In fact, (4.3) is equivalent to

(4.92) ¢m = Ofexp(—{Log|m|}?/2| Log A| + K Log|m|},
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for some constant K.
To show that (4.3) implies (4.9a) we differentiate (4.7) p times and
apply Parseval’s theorem as in the proof of (iv) below. This gives
Z m2p| lez < Koo',
the constant K being not necessarily the same at each appearance in
the argument, and in particular, for any m and all p,

lmzll lcml é Kp+1)\—p212’
which can be written as
len| £ K exp{p(Log K — Log|m|) — 4p? Log A}.

For varying ¢, the expression ¢{(Log K —Log [m[ )—3t2 Log N has a
minimum when t=t,= { Log K—-Logl m| } /Log \, which may not of
course be integral. But the integral value of p which gives the best
estimate for Ic,,.] will be within 1 of ¢, and it is easy to see that such
a value of p leads to the estimate (4.9a).

Conversely, if ¢, satisfies (4.9a), then, for all s,

lg(”)(s)l < K" ) exp{(n+ K) Log[ m| — (Logl m[)2/2[ LogA[}.
It will evidently be sufficient to consider only positive values of ,
and then once again the greatest term in the sum occurs when Log m
is within 1 of the value (n—l—K)lLog )\I. It is easy to see that this
greatest term satisfies (4.3), and since the terms in the sum decrease
on either side of the greatest one, we can, considering sufficiently
larger values of m, compare the sum with

f exp{(n + K)Log x — (Log x)2/2 [ Log A H dx.
Log z=(n+K)|Log Al
If we make the obvious transformation Log x=u, the integral be-
comes

exp{%(n + K + 1)2| Log )\l} fw exp{—(Zl Logl)—1

(n+K)|Log \|
{u — (n+ K+ l)iLog)\I}?} du,
which again leads to (4.3).

Proor orF TuHEOREM 3(i). Let y(x) be any particular solution of
(1.1). Set
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s = Log «, ¢ =LogX (<0), w(s) = x*oy(x).
Then w satisfies the equation
(4.10) w'(s) = — kow(s) — be*{w(s + ¢) — w(s)},

and in order to prove (i), we need to show that w is bounded.

Let I, denote the s-interval [so—mnc, so— (n+1)c], so being some
fixed value of s to be specified later. Let us suppose that I'wl has the
upper bound K, in I,,. Then the equation (4.10) can be written in the
form

d
{w(s) exp(kos — be*)} = — be® exp(kos — be?)w(s + ¢),

)

(4.11)

so that for s in 1,1, we have
8
[w exp(kot — be?) Jog—nire

(4.12) s
= — bf et exp(kot — be)w(t + ¢) di,

sp—(n+1)e

and using the estimate |'w| <K, in I,, we obtain

| w(s) exp(es — be*) | < Ka {exp[x(so — (n+ 1)c) — bero—ntDe]
(4.13)

— bet exp(kt — bet) dt} .

sg—(n+1)c

We shall assume, as we may, that s, is chosen sufficiently large that
k—2be*>0, which implies in particular that «t—bet is increasing for
t in any I,. In fact, with future applications in mind where we shall
wish to operate with k replaced by k— % and s, replaced by so—kc, k a
nonnegative integer, we shall suppose that k —k—3be®=%>0 for all
integers k= 0. Since e~*¢ is of higher order than & as k— «, it is clear
that such a choice of sq is possible.
Then the integral in (4.13) can be integrated by parts to give

bet 8
[ . exp(kt — be‘):l

K — 0¢ 80— (n+l)e

(4.14)

8

d et
dt k — bet

l

the O-term being uniform in s, , so and #, subject to the provisos that

+0 [exp(xs — be?)

89— (n+1)c
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s& .41 and that so is chosen as above. Formula (4.14) can be re-
written as

-1 8
— l:(l — i) exp(kt — be‘)] + O[ke—o+®+De exp(ks — be?) |

bet 89— (nt1)e

4.15 s
19 = — [exp(kt — be) s ni1ye + O[ke—20t @00 exp (ks — be?)].

Substituting this back into (4.13), we obtain finally that, in I,4,

(4.16) | w(s)| < Ka{1 + Ofke—sotetne]}
so that
(4.17) Kn+1 § Kn{l + O[Ke—30+(7l+1)c]}.

The convergence of the product [], (1+e~") now implies that K,
is bounded for all #, and so w is bounded, as required. Also, if ke~
is sufficiently small, it will follow that

0

IT {1 + O[kesor@tne]} < 2,

n=0
and then K, <2K, for all %, i.e. I'w(s) l =2K, for s in any I,,. (We note
for future purposes that (k —k&)e—*0t*¢ can be chosen uniformly small
for all integers £=0.)

The result (i) is now proved, but it is convenient at this point to

look at some consequences of the analysis which will be useful in
discussing (iii). We note first that y’ satisfies the equation

(4.18) ¥ (®) = ahy'(Ax) + by'(x),

which is of the same type as (1.1) except that a is replaced by aM.
The argument above shows that

y = O{xLoglb/a)\llLog x} as x —
(4.19)
= 0=,
and in general, for the nth derivative y”, we have
(4.20) Yy = O(xm).

We can also relate the estimate on 3’ more closely to that on y.
For if we suppose as before that | w| <K in Iy, then, as we have seen,
Iw] <2K, in all I, (n=0), and so ly] S2Kpx* in all I, (n20). (It
will cause no confusion to use I, interchangeably for either an s-
interval or the corresponding x-interval.) From (1.1) it follows that
Iy'] §4Ko| blx" in all I, (n=1), and so if wi(s) =x"*+1y/'(x), we have
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|'w1(s) §4K0| b]x in all I, (n=1). In particular, in I, lel
<4K, bl)\“’xo, where xo=e®*. But w, satisfies an equation similar to
(4.10), the only change being that ky—%,—1, and we can therefore
carry out on w; the same analysis as on w, remembering that &, has
to be replaced by ky—1 and that I, has to be replaced by I; as the
base interval, so that s, is replaced by so—c¢. The analysis is thus valid
for w; because of the requirements made above that k — &k —be®—*>(
and (k—k)e*ot*e is uniformly small for all nonnegative integers k,
and we conclude that l‘w1| §8K0| b[)\“2xo inall I, (n=1).

It is now easy to repeat the argument to prove the induction hy-
pothesis that, if

(4.21) wels) = abrHhy®(2),
then
| wkl = 2K0(4| b| o)A~ B3+ -+ (D)
= 2K (4] b wmo)en— G G422
for s in any I, (n 2 k). By a suitable choice of the constant R, we can
in fact say that
(4.22) | we| B RE+AH12

for s in any I, (n=k).

Proor or THEOREM 3(ii). As was remarked earlier, we shall show
only that this is covered by Theorem 7 of [4]. This latter theorem is
(with a trivial change of notation) as follows:

Consider the equation

(4.22a) u@)f' (&) + p@Of@ — f(t—1) = 0.

Let B and p be positive constants, p>1, and suppose that for t=1 the
functions u™ () and p™@E) (=0, 1, 2, - - -) are continuous and
satisfy

l u(n)(t)l < Bn+1nnt—n—p,
(4.22b)
I {P(t) —_ 1}(n)l < Brtigngn—r 0° = 1).
Then, if f() s a solution of (4.22a) and lim.,, () =0, we have f(t)=0.
If we now look at our equation (4.10), and set

s=—d, ws)=f),

we can reduce (4.10) to
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(bo)teetf' (1) + (1 — koeet/D)f(1) — f(t — 1) = 0,
so that, by comparison with (4.22a),
u(t) = (be)"le, p(&) = 1 — koect/b.

To ensure that the conditions (4.22b) are satisfied (and it will be
sufficient to consider %(f)), we must therefore establish that

| (boy~emest| < Brtwren—r (12 15m=10,1,2,-- ),
i.e.
| Cnl tn+pect < I bGI Bn+l,nn.

But the maximum of {**eect occurs at t= — (n+p)/c, and so it will be
sufficient to show that

| C—pl (11, _.I._ P) (n+p)e-(n+p) < l bcl Bn+lnn’
i.e. that
[ C—'pl (1 + p/n)n(n + p)re—+o < [ bcl Brtl,

Since (1+p/n)" is bounded for all #, we can plainly choose B suffi-
ciently large that the last inequality holds for all #.

Proor or TaeoRrREM 3(iii). We start by showing that every solution
of (1.1) has the required asymptotic behavior. If with the notation of
(i) we set

(4.23) y(x) = a*ow(s),
substitute in (1.1) and use (4.19), we obtain
w(s + ¢) — w(s) = 0(e™).

Writing this equation with s replaced successively by s —¢,s—2¢, - « -,
and summing, we see that the convergence of Y, ™ for ¢ <0 implies
the convergence of w(s —#nc) as n— o, s being held fixed. If we denote
the limit function by g(s), then it is clear that g is a periodic function
of period [cl , and continuous since the convergence is uniform; and
the summation process shows that

w(s) — g(s) = O(e™),
so that (4.23) can be rewritten
y(x) = x*g(s) + O(x=Y),

which is the required asymptotic form if we can show that g is in-
finitely differentiable and satisfies (4.3).
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To do this, we treat 3’ in the same way, starting with (4.18) in
place of (1.1). We set y'(x) =x*1w;(s), and show that wi(s—mnc)
has the limit g;(s), where g; is continuous and periodic of period lc] ,
and that

y'(x) = x*1gy(s) + O(a+*).
Further,

d
w(s) = - {etny(er)}
ds

= — kow(s) + e~ ®Dey/(g2) = — kw(s) + wy(s),

and so in the limit we deduce that g is continuously differentiable and
that

g(s) = — kog(s) + gi(s)-

The process can be repeated to show that g; is continuously differ-
entiable and that g is twice continuously differentiable and so ulti-
mately infinitely differentiable.

To show that (4.3) is satisfied, we define wi(s) by (4.21), and ob-
serve, by analogy with what we have just done, that w, has a con-
tinuous periodic limit g, say, and that

(4.24) g = — (b — B)gi + grsr.
Further, the estimate (4.22) implies that
o] = Ren-es,
and so (4.24) gives
| s I < Rlc—l-z)\-—(k+l)"/2{ | ko — k[ R-1\k+1/2 1}
< RE)—G+1?/2
for all &, provided that the constant R is chosen large enough, as we
may suppose. And if we differentiate (4.24) » times, and ‘repeat the

analysis, we can set up and prove the induction hypothesis in # that,
for all &,

(n) k+2n+1_—(k+n)2/2
g | =R A .

In particular, with 2=0, we have

|00”| <R

241 --n?/2
A,

and since go=g, this at once implies (4.3).
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To complete the proof of (iii), we have merely to establish that
under the conditions (4.3), the series (4.4) is absolutely and uniformly
convergent for x sufficiently large and that term-by-term differentia-
tion is justified; for it is trivial that, formally at least, it satisfies
(1.1). To prove the convergence, we need estimates on each g,. We
are given that, for all nonnegative integers k&,

)| = K5
Let us suppose, again for all &, that
(4.25) Ig:(’k)l < Kk+2p+1)\~(k+p)’/2
for p=0,1, 2, - - -, n, and prove it for p=n-1. Differentiate (4.5)
k times, and use the induction hypothesis to obtain
lg:(»’-‘i-)1| < I Bo— nl Kk+2n+1)\—-(lc+n)2/2 + Kk+2n+2)\—(k+n+1)’/2
é Kk+2n+2>\—(k+n+1)’/2{ ] ko _ nl K—l}\k+n+1/ﬁ+ 1}
< Kk+2n+3)\—(k+n+1)’/2

if K is large enough, as we may suppose. This proves (4.25) for
p=n-+1 and so for all p; and in particular, with =0, we have

Py

This estimate is easily seen to be sufficient to prove the convergence
of (4.4), and to justify term-by-term differentiation.

Proor or THEOREM 3(iv). Since g is infinitely differentiable, we
can differentiate (4.7) as often as we please, and the resulting series
is always absolutely and uniformly convergent. In fact,

ad 2mwi \?
gD (G) = > ( ) ¢m exp{ 2mmis/Log A},
Log A

—

and Parseval's theorem gives

sl 2 2p [ Log A|
Z < mr) l lez - l Log A l—lf I g(p)(u) Pdu,
0

me—o \LOg A

so that, using (4.3), with a slightly different interpretation of the
constant K,

L

(4.26) > m?| cu|? S KWty

M==—00
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Now consider the series Z CmYm, Which, if we substitute for yu,
the series representation given by (4.4) with g=exp {2mmris/Log A}
can be written as the double series

IR DI

(4.27)m=——-—w n=1 Mm=—oe0

on km(km - 1) T (km —n+ 1) )\n(n+1)/2(__b)—nka—n’
1—=2) (1 — )

k. being given by (4.2). Since it is formally trivial that this series
satisfies (1.1) and has the correct asymptotic behavior, it is formally
the solution y corresponding to g. All that is necessary is to rigorize
the formalities by showing the series to be absolutely and uniformly
convergent for x sufficiently large, and so far as the first term in (4.27)
is concerned, there is no difficulty. The second term we rewrite as

>{x+ x}
n=1 \ |kp|sn—1 || >n—1

k(b — 1) - - - (bm — n 4+ 1)
m )\n(n+l)/2 — b)) nykmn = § +S,
TN 1= (=)™ 1 2

say. In S; we can majorize the typical term (apart from a common
factor x*¢ which need not worry us) by

(4.28) Ofcm[2(n — 1)]mAn@tD 12| p|=ng=n}

and if we remember that ¢, is certainly absolutely convergent,
the result of summing (4.28) over the relevant values of m is

O{[2(n — 1)]mAne+D 12| p|—ng—n},
But
> {Z(n - 1)}n)\n(n+1)l2l b ]—ﬂx—n

n

is absolutely and uniformly convergent for x sufficiently large, and
so 51 is dealt with.
In S;, we majorize the typical term by

O{ka:)\n(n+l)/2 I b l—n —ﬂ}

and summing over m and using (4.26), we have
O{Mn)\—(n+1)z/2}\n(n+1)/2 | b l—nx—n}
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for some positive constant M. For k,=0(m) and

RGP ISR P PAE SR v

M0 M==—o0 M=o ; Mp£0

But
z Mn)\u(n+l)l2 i b l-nx—n

is absolutely and uniformly convergent for x sufficiently large, and so
the proof is complete.

We complete the discussion of the case b < 0 by making a few re-
marks about the particular solution which also satisfies (1.2).

THEOREM 4. Let y denote the particular solution of (1.1) which also
satisfies (1.2). Then

(i) the series Y cwYm for y has either just one nongero coefficient or
else an infinite number; the first possibility occurs if and only if
aN¥4-b =0 for some nonnegative integer N, and this situation is equiv-
alent to vy being a polynomial of degree N with all its zeros imaginary;

(1) #f a>0and a+b < O, then for all x we have

y>0: yl<0) y">0:"';3’(2")>0» y(2"+1)<0,"'§

(iii) if a>0 and a+b>0, and if p is the unique nonnegative integer
such that a\?+b>0, a1 4-b<0 (the case that some p should satisfy
aN?+b =0 being covered in (1)), then, for all x,

y>07 3">0,"',y("+1)>0,
Y@t < Q, - - - gl L, ylrmt > 0 ..

(If a < 0, we have already remarked before the statement of The-
orem 3 that all real solutions of (1.1), including the particular one
with which we are now concerned, must be oscillatory, so that no
results such as (ii) and (iii) can hold.)

Proor or THEOREM 4(i). Since y is an integral function of x, and
since each v, is analytic except at x=0 and is in modulus not larger
than algebraic as |x|— o, it follows that if the series y= Y cw¥m
has only a finite number of nonzero coefficients, then v is an integral
function in modulus not larger than algebraic as |x| — o, and there-
fore a polynomial. But by direct substitution of a polynomial Zﬁo ax"
in (1.1), we see, comparing coefficients of ¥, that aA¥-+b=0.

Conversely, if aA¥+4b=0, then if we compute the power series for
the solution y of (1.1) and (1.2), we see that the power series term-
inates and that v is a polynomial of degree N. Further, we may take
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ko in Theorem 3 to be N, and y, which clearly has the asymptotic
form Ax*{1+0(1)} for some constant 4, is just a multiple of the
solution y,. Hence there is only one nonzero term in Z CnYm-
That all the zeros of the polynomial are imaginary follows a similar
argument to the one in (ii) below which shows that y>0 for all x.
Proor or THEOREM 4(ii). Let us suppose that y3}-0, so that y
vanishes, say for the first time at x =x,. Then, in view of the equation

(4.29) i { ye bz} = ay(\x)e bz,

dx
it follows, since A<1 and ¢>0, that ye™®* is increasing at x =x,. But
if y changes sign from positive to negative at x =x,. then so also does
ye~%* and this leads to a contradiction. Hence y>0.

The same argument can be applied to »’ using (4.18) in place of
(1.1). But 9’ is initially negative since a+b < 0, and so ¥’ remains
negative, i.e. ¥'< 0; and the argument can be extended to higher
derivatives to complete the proof.

Proor of THEOREM 4(iii). The reader will be able to adapt the
proof in (ii) to this case.

5. Asymptotic form of solutions when A <1: the case 5>0.

THEOREM 5. (i) Every solution of (1.1) is O(e*®) as x— . In fact, for
any solution 7y,

5.1) ye b — L as & — ©

for some (possibly zero) constant L.
Gi) If |a| <b, we can, for any L, explicitly exhibit a particular
solution of (1.1), y say, possessing the property (5.1), viz.

. S amexp{ —b(1 — A"}
(5.2) yr= Le {1 + E( 1) b1 — N (1 =A%) - - - (1 — )\")} '

For other values of a and b, we can argue the existence of a solution yy,
satisfying (5.1).

(iii) If yL is any other solution of (1.1) possessing the property (5.1),
then

*
vy — yr = O(z9) as x— o,

where k is defined as in Theorem 3, i.e. k =re ko, where ko is any solution
of aNe+-b=0.

(iv) No solution of (1.1), apart from the identically zero solution, is
o(x*) as x— .
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(v) Given any infinitely differentiable function g(Log x) of the type
described in (iii) of Theorem 3, there is one (and by (iv) only one)
solution of (1.1) which has the asymptotic behavior

(5.3) x’°°{g(L0g %) + o(1)},
and every solution of (1.1) has the form
y =1+ 5%

for some constant L, where y* is a solution having the asymptotic be-
havior (5.3) for some such g(Log x). Also, y* can be written in the form
> CmYm, in the same notation as in Theorem 3, the series being absolutely
and uniformly convergent for x sufficiently large.

Proor or THEOREM 5(i). Suppose that M, is the upper bound of
| ye‘b”| in the interval [N=(=1, \=»], n being an integer sufficiently
large that y is defined in [N=(=D, A—»]. Then for x in the interval
[A=», A=D1 ], we have

—btz

| [ye )\_..I = af yOD)e Sulce I
P
< | qf M,,f e ar
x—ﬂ
|a| Mn  _saan™
S———c¢
o] (1 —2)
and so
Moy £ Mo {1 +l e—w—m‘”} :
“ { b1 —\)

In view of the convergence of the infinite product

II {1 Aoy e_b(l—wn} ’

it follows that M, is bounded for all %, i.e. y=0(e**) as x—». But
then, as X, X;— 0,

=0 { [l
X1

which can be made as small as we please by taking X, and X, suffi-
ciently large. Hence by the Cauchy principle ye** converges as
x— 0.
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Proor or THEOREM 5(ii). If }a! <b, itis trivial that (5.2) converges
and provides a solution of (1.1) satisfying (5.1).

If |a| =b, the series (5.2) no longer converges, but we remember
that y® satisfies a differential equation of the same type as y except
that a is replaced by aX?, and if p is taken sufficiently large, we will
certainly have | a)\"| <b. Consider (with such a p) 2, to be a solution of

(5.4) 7p(%) = aX 2,(\%) + bz,(%),
arranging (as we may) that
(5.5) 2, ~ brLeb>,

If 2,(x) exists for x =N4, 4 some positive constant, we set

@ = [ w0 dtta,

A

for some constant a, to be fixed later and integrate (5.4) over [4, x].
We obtain

zp1(%) — 2,(4)

= a)\"f z,(\t) dt + bf 2,(1) di
4 4

A
aX*'z, 1(A%) + bz, 1(x) + arr? f 2p,(u) du — a,(aNP=1 + b).
pV:§

It follows that a, can be chosen so that z, satisfies

gy 1(x) = " 2 1(\x) + bz, 1(2),

provided that aAr—14-b5£0, and it is also clear, by integrating (5.5),
that

Zp—1 ~ bP~1Leb2,

We can thus repeat this process to obtain a solution of (1.1) satisfying
(5.1), provided that aA¥+4 b0 for any nonnegative integer N.

If aNY4-b =0 for some NV, we need to proceed differently. We have
to demonstrate the existence of a solution of

(5.6) 2'(x) = aN¥z(\x) + bz(x)

with the property that z~b% Leb*. We note first that a\¥ b =0 implies
that a is real; and also that (iii) below (which we have not yet proved
but whose proof does not depend on what we are now doing) tells
us when applied to (5.6) that, if 2=0(e**), then in fact s=0(1). Now
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consider any solution of (5.6) with the property that in the interval
[\, 1] both 2’>0 and 2" >0. It is then easy to see that z’’>0 for all
x=N\. For if 2/ vanishes for the first time at x =x,, say, we must have
2'(x0) > 2'(A\x) >0 since 2" >0 in [\, xo). But

2" (xo) = a\V*t13'\xo) + b3’ (x0),

and since the second term on the right exceeds in modulus the first,
we have a contradiction to 2’’(x4) =0. Hence 2"/ >0 for all x>\, and
so 2’ is positive increasing and z is unbounded, which implies by the
remark above that z5£0(e**). By multiplying by a suitable constant,
we can then arrange that z~b¥Leb=.

Proor or THEOREM 5(iii). We have to show that if a solution y
of (1.1) satisfies y=o0(e?*), then y=0(x*). We can integrate (1.1) to
give

y(x) = — aeb* f ety (\) dt.

Since Iy(x)] S Me** for x= A, say, for suitable constants M, 4, we
obtain, for x=\"14,

®© bz
I y(x)l = Ml al er e bUNE Jf = M_’
z b(1 — )
and by repetition
M| a|me"=
lyl forx = A 4.

= bn(l_)\) .. .(I_An)
Hence
l yl = M,(‘ a’l /b)”eb)‘—ld forx "4 £ x = A4,

which is equivalent to y=0(x*).

Proor orF THEOREM 5(iv). This again follows from Theorem 7 of
[4].

Proor oF THEOREM 5(v). The arguments of Theorem 3 can be
modified to apply, except in proving that, if y=0(x*), then the
periodic function g associated asymptotically with y satisfies (4.3),
and this we prove now.

We first remark that if « and 8 are real constants, with 8>0, then
we can show by integration by parts that

5.7 f t2e=8t dt < 5711 + Ax—V)aoe b forx =1,

x
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A being a constant dependent on a and . Further, since we can
clearly take 4 =0 if ®< 0, it is possible to find a uniform 4 as « varies,
provided that the set of values of « is bounded above, as it will be in
our application.

Now suppose that ¥ is a solution of (1.1) satisfying y=0(x*). Then
|y| < Mx* for x in any I,, where I, = [A="x,, N=""1x, ] and x, is chosen
sufficiently large that y exists in every I,. Let us make the induction
hypothesis that

(5.8) | y® | < M(2Kbxo)rn— D G+2) 2+ 150k

for x in any I, (n=k), the constant K being specified below. The
hypothesis is evidently satisfied for £=0, and we prove it now for
k+1. For (1.1) differentiated & times tells us that

(5.9 | y®+D | < 2MB(2K bg)eh—k+D G2 2415k

for x in any I, (n=k+1), and we can also differentiate (1.1) 241
times and integrate once to obtain

(5.10) yer et = awn [ Tyemopena,

z

Substituting (5.9) in (5.10) and using (5.7), we obtain, for x in I,
(nzk+2),

| y&+Debe| < 2MB(2Kbxe)*(| a| NFHY/B)N—®+D Gt /2
(1 + 4x ) (\x)<Fe b=
< 2Mb(2Kbxo)*(| a| Net1/B)A= Gt D &2 /241
(1 4 ANzl () ke,

We can repeat this, substituting (5.11) in (5.10), and eventually ob-
tain that, forx in I, (n=k+p, p=2),

Iy(k+l)e—-bzl < 2Mb(2Kbxo)"(| al ABHL/B)p— I\ = Gt 1) (42 [2+1(\p— 1y )—kg—bz

(5.11)

(5.12) X fI (1 + ANFrag)

re=2

< 2KMb(2Kbxo)*(| a | N¥F1/B)p—IN— (D Rt ) 241 (\p— 1) c—kg—be

if we take
K = IT (1 + Axmagy).
ma=(

But
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k= Log| b/a| /Log, (] a]/b)7t = A1,
and so (5.12) gives, for x in Ixy, (p=2),

| y%+0 | < 2K Mb(2Kbag)en— B+ (3) (31 (Nt p+ 15) b1

(5.13)
S M (2Kbag)*+I\— 02 G48) /24 Lye—i—1

since
Notptly < for x in Ityp.

But the right-hand side of (5.13) does not involve p (p=2), and so
we have established (5.8) with k-1 in place of %, at least for x in I,
(n=k+2); and it is easy to see that (5.9) implies (5.8) with £+1 in
place of k and x in Iiqy. The induction hypothesis (5.8) is thus proved,
and it is now easy to deduce (4.9a) from (5.8), and thus to obtain
(4.3) as in Theorem 3.

For the particular solution of (1.1) which also satisfies (1.2) we
have the following results.

THEOREM 6. Let v denote the particular solution of (1.1) which also
satisfies (1.2). Then (i) if >0, for all x,

y >0, 'v'>0,---,y(”)>0,---,

and also ye™* is positive increasing so that the case ye*—0 cannot occur;

(ii) if a<O0, then the case ye=¥*—0 occurs if and only if aN¥+b=0
for some nonnegative integer N, and this situation is equivalent to vy
being a polynomial of degree N with N distinct real zeros;

(iii) 4f a<0 and lal <b, then for all x we have, as in (i), y>0,
Y'>0, -, 9y™>0, - - -, but now ye~b* is positive decreasing to a non-
gero limat;

(iv) ifa<0and |a| >b, with aN¥ +b %0 for any nonnegative integer
N, then there is @ unique nonnegative integer p such that |a|N’>b but
]a|)~”+1<b, and y has then precisely p+1 zeros, all simple; v’ has p
zeros, all simple; - - - ; yP has one zero; y@tV, y@+d . .. hove no
zeros; and ye~b tends to a nonzero limit with sign (—1)7+L,

Proor or THEOREM 6(i). The argument that y>0, y'>0, - - -
is essentially the same as that in Theorem 4(ii). Then (1.1) in the form
(4.29) shows that ye™®= is positive increasing for all x.

Proor oF THEOREM 6(ii). A comparison of the power series expres-
sion for y (remembering that b>0) with the exponential power series
makes it quite clear that ye~%+>0 unless the series terminates, and
this happens if and only if aA¥+b=0, when y is a polynomial. That
the polynomial has IV distinct real zeros is proved in the same way as
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the results in (iv) below.

PrOOF OoF THEOREM 6(iii). If ¢ <0 and |a| <b, then initially y'>0,
so that vy is increasing. It is then impossible for 3’ to vanish, for if it
does so for the first time at x =x,, say, then y(xo) >y(\xo) and so
y’(x0) >0, which is a contradiction. Hence, for all x, >0, and so
y>0. Similarly, by considering the equation for y’, we see that y’’ >0,
and so forth. Also, (1.1) shows that ye~? is positive decreasing, and to
a nonzero limit since eN¥+4-b=0 is impossible.

Proor or THEOREM 6(iv). Initially we have >0, 3'<0,
y"">0, - - -, y® of sign (—1)?, and y@+D, y@+2 . . . of sign (—1)#+1,
Since

y(p+2) = g\rtlyHD(\x) 4 by(p+l)(x)’

and since Ia|)\”+1<b, it follows by the same argument as in (iii)
that y@+D 4@+ . . . gre all of constant sign for all x, and that sign
is (—1)?*1 and further y»+D~l/eb* for a nonzero constant / of sign
(—1)#+1, Integration of this implies that y~Ib—(@+Deb g0 that ye?*
tends to a nonzero limit of sign (—1)?+1,

It is clear also from Rolle’s theorem that, since y®*? is of constant
sign, y® has at most one zero, y»~V has at most two, - - -, y has at
most p+1. It remains to show that the maximum number of zeros
is in fact attained, and that the zeros are simple.

We do this by induction. Suppose that aN+?+4-b =0 for some num-
ber 8 with 0<60<1. We use induction on p.

If p=0, we have to prove only that y has certainly one zero. Sup-
pose not. Then, by applying (ii) to the equation satisfied by y’, we
see that ¥’ is of constant sign (negative) and so ¥ is positive decreas-
ing, from which it follows that ye **—0. But this implies that
aN¥ 4 b =0, which is not true, and yields the necessary contradiction.

Suppose the result true for p=0,1, 2, - - -, k; we now prove it for
p=k+41. By the induction hypothesis, ¥’ (which satisfies an equation
with p =k) has exactly £+1 zeros, all simple, say at x =x", - - -, xps1.
If we can show that y has zeros x, + - -, x40 satisfying

* * *
n<x <xe<xe < ¢ < Xppr < g,

then we are done.

Certainly y must vanish before x=x;". For if not, y is positive de-
creasing in [0, % ], and so | y(Q\x{)| > | y(xi)|. Since also |a| >, this
contradicts the fact that y’(x;) =0.

Now at x=x;, ' =0 and the term by(x) has negative sign. Thus
ay(\x) has positive sign and y(\x;) <0. It follows therefore that Az,
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lies in (%1, ;). Further, since y’(x;) =9'(x;) =0, we have

yOa1) _ y0er) b

5.14 =
G4 y(xf) y(a5) a

. . E3 b . .
Now suppose that y does not vanish in (x,, x,). Then, since ¥ is
. . . . * *
negative increasing in (x;, %5 ),

(5.15) |y | < | 9G]
But if Ny lies in (%3, %; ], then
(5.16) | y(aa)] > | yOan) |,

and (5.15) and (5.16) together contradict the first equality of (5.14);
while if Ax; lies (¥, %), then

| yQa2) | > | o) ],

which contradicts the second equality of (5.14). Hence y does indeed
vanish in (x, x5).
The argument can now be repeated to obtain the full result.

6. Asymptotic form of solutions when A <1: the case 6=0. This
case is very fully discussed by de Bruijn in [6]. For completeness and
comparison purposes, we state now those of his results which are
comparable with the results of Theorems 3 and 5, and of Theorem 10
to follow, but no proof will be required.

Again let c=Log A< 0 and set

(6.1) ¢(Log x) = x*(Log x)* exp(—%c~'(Log x — Log Log x)?),
where
k=%—c!'—c!'Log(—ac), k= —1+ c¢c*Log(—ac).

THEOREM 7. (i) Every solution of (1.1) is O{¢(Log x)} as x— .

(i1) No solution of (1.1) (apart from the identically zero solution) is
o{¢(Log x)} as x— o,

(iii) Given any function g(t) of the form

(6.2) gt) = f: vn exp(2nwit/ |c|),

n=—c0
where, for some constant C,

x| n|  (log|n|)?

(6.3) y"=0{exp(—— o] - 2] el -I—CLOgl"l)},
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then there is one (and by (ii) only one) solution of (1.1) which has the
asymptotic behavior

(6.4) ¢(Log x) {g(Log x — Log Log x) + o(l)}.

Further, every solulion of (1.1) has this asymptotic behavior for some
such g.

REMARKS. 1. The asymptotic form (6.4) is obtained by de Bruijn
in (8.3) of [6]. His notation is different from ours, but it is not difficult
to carry out the routine changes necessary to show that his formula
(8.3) implies (6.4). (His formula also includes an estimate of the error
term.) It should perhaps be said, however, that even when the nota-
tion has been changed, de Bruijn’s formula (8.3) is only equivalent
to (6.4) and not identical with it, i.e. he uses in place of ¢ a function
which can be shown to be ¢{1+0(1)}, and in place of g a function
which can be shown to be g+0(1).

2. Part (ii) of Theorem 3, and the corresponding part (iv) of
Theorem 5, are real-variable results that can be established relatively
easily, either by techniques in the spirit of the present paper, or, as
in [4], by a Green’s function technique. But part (ii) of the present
theorem appears to be a much more delicate result that depends very
heavily on the precise form of particular solutions of (1.1) and on
their behavior as functions of a complex variable.

3. The conditions (6.2) and (6.3) on g imply at once that it is
periodic of period I c| , and not only infinitely differentiable, but even
analytic in a horizontal strip of width w. De Brui'n proves explicitly
only the second half of (iii), that for any solution of (1.1) the asymp-
totic behavior is given by such a function g, but it is not difficult to
see that the argument reverses.

4. The condition (6.3) on g can be replaced by a condition on the
derivatives of g, as in Theorem 3. This condition is that, as n— o,

| g™ (s)| = O{(@Gm)nle Toe W*/2lcl+K Log n}

uniformly in s and for some constant K. The proof follows the same
lines as that in Remark 4 following the statement of Theorem 3 and
will not be given here.

5. While there is presumably a convergent series for any solution
y (corresponding to (4.4)) of which ¢(Log x) g(Log x—Log Log x) is
the first term, it does not seem possible to write this down explicitly.

6. There is a complete set of solutious of (1.1) with the property
that, if g is given by (6.2), then the corresponding solution y has the
same coefficients vy, when expanded in terms of the complete set. The
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reader is referred to [6] for details. While the corresponding result in
Theorem 3 or Theorem 5 is merely a tail-piece to the theorem, the
present theorem is proved by investigating this special set of solutions
and showing it to be complete.

7. Asymptotic form of solutions when A>1: the case 6>0. We
recall from §1 that in the case A>1 all solutions are defined in an
interval of the form [0, R), where 0<R< » and R may vary from
solution to solution. In what follows we are interested only in solu-
tions for which R= «, so that we can talk about their asymptotic
behavior.

We use the same notation as before, i.e. s=Log x, c=Log A (>0);
and ky and k are as they were in Theorem 3. The remarks prior to
Theorem 3 are also, mutatis mutandis, applicable here.

THEOREM 8. Let 5> 0.

(i) No solution of (1.1) (apart from the identically zero solution) is
o(x*) as x— .

(i1) Let g(s) be periodic of period ¢ and Holder-continuous with
exponent 0, 0<0=1. Then there is one (and by (i) only one) solution of
(1.1) such that

(7.1) y(x) = zhog(Log x) + O(xF) as x— .,

(iii) If further g(s) has an mth derivative that is Holder-continuous
with exponent 0, 0 <0 =1, then y(x) has the asymptotic form

m ~ng (L
() sw=at fotagart 5 LBy om).

where the functions g, are defined recursively by (4.5).

Proor or THEOREM 8(i). Suppose ¥ is a solution of (1.1) such that
y=o0(x*). We have to show ¥ identically zero.
Once again, we integrate (1.1) to obtain

(7.3) y(x)e T = — afwy()\t)e‘b‘ dt.

For each R21, set

(7.32) K(R) = sgg x“"[ y(x) |,

so that K(R) decreases to 0 as R—«. Let x = R, so that Ax =A\R, and
(7.3) thus gives, using (5.7),
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| y@ | et = (] o] /B)AR) KR + AxDe,
and so |a|\*=b implies that
| 3@ | = +KQR)(1 + 4579,
so that
K(R) = KAR)(1 + AR™Y).
Repeated application of this yields
KR = KO+R) [T (1 + AR,
7=

and if we let #— » and note that K(A\**'1R)—0 and that the product
converges, we have K(R) =0, as required.

Proor or THEOREM 8(ii). We prove this by explicitly exhibiting a
solution y which has the correct asymptotic behavior. We define in-
ductively

(7.4) yo(x) = x*og(Log ),

(1.5) @) = b= [y — o)}

(7.6) Ynp1(x) = — ae”“f ey, (\t) dt n=1,2,---).

It is easy to see inductively, using (5.7), that y, is not larger than
algebraic as x— =, and so the definition of y,,; makes sense. We then
prove the following two estimates:

for x =1 and some positive constant K, and, for n =1,
(7.8) | ya(2) | < KN-O—10ge—0r410~1)a

for x =1, where the constant K is the same as in (7.7), and the con-
stant A4 is the same as in (5.7) with 3=5, a=x—0.

Once (7.7) and (7.8) have been proved, and they will be proved be-
low, we define

@) = 3 3ula),

n=0

the series being absolutely and (apart from the factor x*) uniformly
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convergent for x =1 by virtue of (7.8). Further,
© K
|3 = 3@ | £ 2 9@ | = e,
ne=1 -

so that y has the correct asymptotic behavior. Finally, y satisfies
(1.1), for

(79) yi.+1(x) - by.n+1(x) = a'yn(/\x)y
while from the definition of yj,

yi@) = bee [ v dt — 3o,

z

so that
d
(7.10) (a—Qmm+mm=—mm=mmx

the function g in (7.4) being periodic of period Log \; and (7.9) and
(7.10) together imply that y satisfies (1.1).

It remains to prove (7.7) and (7.8). To deal first with (7.7), we write
(7.11)  yo(t) — yol(x) = (tk — ak0)g(Log x) + tho{g(Log £) — g(Log )}

on the right of (7.5). The contribution to y;(x) from the first term of
(7.11) is

bg(Log x) f €722 (tko — ko) dt = kog(Log x) f e~d(t=) ko1 g,
by an integration by parts. Since g is bounded, this is majorized by

«®
constf e dap—1 4t < const a1,

z

by use of (5.7).

Also, | g(e) —g(s)| Sconst | —s]|? for all real o, s, since g is Holder-
continuous and periodic, and so the contribution to y;1(x) from the
second term of (7.11) is majorized by

(7.12) constf e | Log ¢t — Log x|? dt.

z

Since
Logt — Log « = Log{1 + (¢ — x)/x} < (1 — x)/x fort = «,
(7.12) does not exceed
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0
const x"f e bR (f — )8 di.
x

But since
—2f=14+(0—2x fort = x,

we can use (5.7) and an integration by parts to prove that

(7.13) f et ar(p — g0 dt < A'xx
for x=1 and 0<0=1, the constant 4’ being independent of x or 6.
This completes the proof of (7.7).

We prove (7.8) by induction, noting that it is true for =1 by
(7.7). Assuming it is true for #, we have

IIA

lpen@] = Lol [ o0 5u00) Ja

IIA

K)\—(n—nol a|fwe—bu—z)()\t)x—oeu(x—l)zdt
(7.14) .

é Kk—nabedl(k—l)zf e—b(t—a‘)tr—@ dt

x

é K)\—nﬂxx—OeAl()\~1)z(1 + Ax—l),

where we have used (5.7) and the fact that |a|\=b. But

(oo b
exp()\—l)x ( ) = exp N—1Dx «

Y|
exp —————
p()\ - l)x’

IIA

and so (7.14) leads to (7.8) with » replaced by z+1, thus completing
the proof.

REMARK. The prescribed asymptotic function y, is by hypothesis
Haélder-continuous but not necessarily differentiable, while the solu-
tion ¥, since it continues to exist as x— «, is by the remarks in §1 in-
finitely differentiable. It is interesting that we have constructed such
a function y as a sum )y, in which yo and y; are (in general) not dif-
ferentiable separately, y, is differentiable only once, y; only twice,
and so on.

Proor or THEOREM 8(iii). We may assume m =1, for if m=0 the
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result contains nothing new.
Denote by c¢; the coefficient of x%—g; on the right of (7.2). Then

(7°15) Cj—1 = b(l - )\_j)ci (.7 =1,:--, m)

Set

(7.16) y(@) = 22 cigtigi(Log %) + 2(x),
=0

and we have to show that
z2(x) = O(x—™9),

If we substitute (7.16) into (1.1), bearing in mind that aN%+4b=0,
that each g; is periodic and that y{® and z may not be differentiable
separately, we obtain

m—1

d d
2 ¢ {ahgi(Log )} + — {cmhrmgn(Log ) + 2(2) ]
dx dx

=0

=} zm: ci(1 — N )ar—igi(Log x) + az(Ax) + bz(x).

J=0

But (4.8) and (7.15) enable us to cancel the summations on either
side, and what remains can be rewritten as

d
— {e (et mgm(Log ) + 2(2))}
(71.17)
= e—””{az()\x) — bemxto g, (Log x)}.

Since y(x) =0(x*), the same is true of z(x), and so we can integrate
(7.17) to obtain

€% (cma**""gm(L0g %) + 2(x))
= — fme‘“{az()\t) — bemttr™g,(Log £)} dt,
which may be rewritten as
(7.18) 2(x) = z1(x) — afwe_"(‘—")z()\t) dt,
where

z21(x) = bcmf et {fkomg, (Log 1) — xtmg,(Log %)} dt.

z
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Then, merely replacing k¢ by ky—m in the proof of (7.7), we obtain
(7.19) | 21(2) | S K'arm—o

for x=1 and some constant K’.
To complete the proof of (iii), we set

Znp1(x) = — af e b= g, (\1) di n=1,2---),

and show (as in the proof of (7.8)) that

l z,.(x)[ < K/\— @1 (mt0) gx—m—0 AM | O D)z

for x=1 and #=1 and some suitable constant M. It then follows that
the function

0

8(x) = 2 zu()
n=1
exists and satisfies (7.17) and is O(x*™?) as x— ». But z=0(x*) from
its definition and part (ii) of the present theorem, and so by part (i),
z—£=0, so that 2=0(x*"*) and the proof is complete.

8. Asymptotic form of solutions when A>1: the case 5 <0.

THEOREM 9. Let b< 0, with « as in Theorem 3.

(1) The series in (5.2) converges absolutely and uniformly for all x 20,
so that yy, is a solution of (1.1) decaying like Leb* as x— .

(ii) There is no solution of (1.1), other than a constant muliiple of y1,
such that y=o0(x*) as x— .

(iii) Let g be as in Theorem 8(ii). Then there is a solution y of (1.1)
satisfying (7.1), and this is unique by (ii) up to addition of a constant
multiple of yy.

(iv) If further g satisfies the conditions of Theorem 8(iii), then y has
the asymptotic form (7.2).

REMARK. The solution y; is analytic in x, ¢, b for x>0, >0 and
any a@. In particular, y.(0) is analytic in a, b, >0, so that y.(0) =0
can occur only for exceptional pairs @, b. “In general,” therefore, there
is one (and only one) solution of (1.1) satisfying (1.2) and decaying
exponentially as x— .

Proor or THEOREM 9(i). This is obvious.

Proor or THEOREM 9(ii). Let vy be a solution of (1.1) such that
y=0(x*). We have to show that y is a multiple of y;.

The first stage in the proof is to show that y is at least exponentially
small, i.e. that



924 TOSIO KATO AND J. B. McLEOD [November

8.1) y = 0(e~%) for somee > 0,

and we shall need the inequality (easily proved) that
(8.2) f teeft dt = (1 + Mx—Y)xoeb> (x=1),
1

where the constant M depends on «, 8, 3>0.
To prove (8.1), integrate (1.1) to obtain

63 s =) +a [ eeoy0na @z ez

Define K(R) as in (7.3a), so that K(R) decreases to 0 as R— o, and
then (8.3) gives

| 9(x)| = K(p)pte?@» + | a| MK (\p) f Febpdl  (x2 p2 1)
P

= K(p)pre@? + K(\p)ar(1 + Ma™Y),

by use of (8.2) and |a|)\"= —b. Multiply the last inequality by x—*
and take sup for x=o=p=1. Since x~*** < Ce™*'* for x=1, where
b’>0 may be arbitrarily close to | 5| and C depends only on « and b’
we have, since e~*'*<e b7,

K(o) = K(p)pCe™ ¥ + K(\p)(1 + Mo™")  (c2p2 1),

where C does not depend on p or ¢. Setting p=0A"Y? and noting that
K (p) is bounded for p=1, we obtain

(8.4) K(o) = C'o*exp{—(b' + bA"%)o} + K(AY2%)(1 + Mo

(e =N\Y2), where C’ does not depend on .
Since b’ may be arbitrarily close to |b| = —b, and since A>1, we
may assume

b+ bATH2 = 2¢ > 0.

Then the first term on the right of (8.4) is C'o* 2 < ("¢~ for
o =N\Y2, where C"’ does not depend on o. Hence

(8.5) K@) =Cl'e+ (1 + Mo~)K(\?0) (o Z NV/2),

We now prove by induction that

< >\1/2_.._A_4_ 1 £ —eNn/2¢ | T (\m/[2
(8.6) K(o) = exp Cc" Y e + K(\m'%)
[

)\ll2 —1 om0
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fore =NV, m=1, 2, - - - . Theresult is true for m =1 by (8.5). Let us
assume it is true for m, replace ¢ by A\/%¢ in (8.6), and substitute the
result in (8.5); we obtain

- 1 ,—ea - M
K(o) £ C" + (1 + Mo~1) cxp {({T“:i)*}

. I:Cn > exp{ —enr/2g} + K()\(m+1)/20.)]

n=1

AVE M
= Ce e + exp { }

N1 g

. [C// 2 exp{ _e)\n/2o} + K()\(m+l)lzo.)]’

n=1

which implies (8.6) with m replaced by m+1.
Now let m— o« in (8.6). Since K(R)—0 as R— =, we have

)\1/2 M ©
K(o) £ exp { ———} c"y exp{——e)\"/”a} (e = AV/2),

)\1/2 - 1 g n=0

and this implies that K(¢) =0(e~*) as 60—, from which (8.1) fol-
lows easily with, say, e in place of e.
The next stage is to show that

8.7) v = lim eby(x)

T—r 0

exists. Substituting (8.1) in (8.3), we have, for x2p, and some con-
stant C,

Clal

Ibl — €\

e—-e)‘z

l y(x) [ = I v(p) l eb@—n) |

provided e\< | b|. Hence y=0(e=?<) if e\ < | 5], and by repetition
(8.8) y=0(™) ifexr< |b].

But if (8.1) is true with any particular value of ¢, then it is true with
any smaller value, and so we may choose ¢, 7 so that e\»<|b| while
e\+1>|b|. Then (1.1) gives

[y = o f Xe""yO\t) dt,

and since the integral on the right converges as X— «, by (8.8) and
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the choice of € and #, (8.7) follows.
Finally we show that
(8.9) y(x) = vLys(x).
Set z(x) =vy(x) —yL'yr(x). Then z=o0(¢**), and so (1.1) gives on
integration

(8.10) etz(x) = —a f °oe""z()\t)dt.

For each R>0, define K;(R) =supzzr e"”‘] z(x) I , and then K1(R) de-
creases to 0 as R— . Further, in the usual way, (8.10) gives

| ]
Ki(R) S ——————— & DEK ,(AR),
(B S G {\R)
and repetition leads to
|a|"
Ki(R) = bO—DREK ) (A\"R).
1( ) ( —-1)”|b|"’e 1( )

Letting n— «, we deduce that K;(R)=0, so that 2=0, as required.
Proor or THEOREM 9(iii). The proof is similar to that of Theorem
8(ii) and will only be sketched. We define inductively

yo(x) = aFog(Log x),

i) = — b [ " a0yt~ (e

- bfteb(”—‘){yo(t) — yo(x) }dt — @ Pyy(2) (xzpz1),

yoa@ = o [ 0008 =12, ),
P

p being a constant to be determined below.

We first prove (7.7) for our present ¥, the proof being essentially
the same as the earlier proof except that (8.2) replaces (5.7). Then we
show that, for =1 and x=p,

5.11) | 0@ | S KA-o0A(1 + My,

the proof being sufficiently similar to that of (7.8) to require no repe-
tition. The required solution y is then defined by Y .o ¥a, the series
converging by virtue of (8.11) if 14 Mp~1<\, which is true if p is
chosen sufficiently large.
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Proor oF THEOREM 9(iv). The proof is similar to that of Theorem
8(iii). Instead of (7.18), we solve the integral equation

t(x) = () +a f eEDg(\t) di,
P
where

z21(x) = — bcm f e E—tke—mg, (Log 1) dt — cmx*™gn(Log x)

P
= — bCm f @0 {fho-mg, (Log t) — akvmg,, (Log x)} dt
P

— cmetEPIgkmg (Log x).
For this 2;(x) we again have the estimate (7.19), and we then define
Zny1(x) = af &g, () dt n=1)
P
and prove
I zn(x)l < K\ =040 (1 4} p=1)n—1ye—m—0 (n = 1).
This implies the convergence of the series Y .1 2, if p is sufficiently
large, and the argument can be completed as before.
9. Asymptotic form of solutions when A>1: the case 5=0,

THEOREM 10. We use the notation of Theorem 7.

(i) No solution of (1.1) (apart from the identically zero solution) is
o{p(Log x)} as x—w.

(ii) Let g() be periodic of period c, and let g'(t) be Holder-continuous
with exponent 0, 0 <0 <1. Then there is one (and by (i) only one) solution
of (1.1) such that

y(x) = ¢(Log x){g(Log x — Log Log x) + O[(Log x)"’]}.

REMARK. If g(2) is several times differentiable, then y(x) presum-
ably has an asymptotic expansion as in Theorems 8, 9, but since the
form of this would be very complicated, we do not discuss it.

Proor oF THEOREM 10(i). Let

s=DLogw, =xz=¢, Y(s) =1,
and then (1.1) becomes
9.1) Y'(s) = aetY (s + ).
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We first collect some results on the function ¢(s) which will be used
in what follows, and which are all obtained by routine calculations.

We have
(9.2) ¢'(s) = c"¢(s){ —s + Logs + 1 + ck — (Logs)/s + hc/s}
(9.3) e¢(s + ¢) = (—ac)~'¢(s){s — Logs + (b + £)c + O[(Logs)?/s]}

ass— o,

(9-4) ae'd(s + ¢) — ¢'(s) = O{a(s)(Log 5)*/s}.

Further, if ky=re k, hi=re &,

9.5) | ¢(s) | = exp{— 3 ¢*'(s — Log 5)? + ks + h Log s},

(9.6) |o(s) |" = c—‘|¢>(s) | {—s+ Logs+ 1+ cky— (Logs)/s + hic/s},

(9.7) lale| oG+ o)| + | ¢(s)|" = O{s(s)Logs)?/s}.
From (9.6) we deduce the existence of a constant L such that
(9.8) [ o) | = Ls{=[¢() [}

for s sufficiently large, say s = Ry, and (9.8) and (9.7) imply that, for
S gRO;

9.9 la]e|a(s+e)| {1+ LLogs)?/s?}{—| e |}

Since |q§(s)| behaves roughly like e~¢*/2¢ a5 s— =, we can integrate
(9.1) to give

(9.10) Y(s) = ——afwe"Y(a + ¢) do,

the integral converging absolutely. For each R= R,, define
K(R) = sup | ¢(s) |71 ¥ (s),
$2

so that K(R) decreases to 0 as R— . Then (9.10) gives, for s=Z R,

| Y(s)| = IalK(R—}—c)fwe”[(b(a-%—c)lda

<= KR+ c)fw {1+ LLog 5)?/o?} {— | $(o) |'} do

by (9.9). If we suppose, as we may, that (Log s)/s is decreasing for
s= Ry, we obtain

| ¥(s)| = KR+ o){1 + L(Log R)¥/R*}| ¢(s) |,
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so that
K(R) £ K(R+ o){1 + L(Log R)?*/R%}.
Repeated application of this gives
ol {Log(R + jo)l2
K(R) = K(R + nc) {1+L-———,——},
: ( :I=Io (R + jo?

which implies in the usual way that K(R)=0, as required.
Proor oF THEOREM 10(ii). As in Theorems 8(ii), 9(iii), we con-
struct a solution having the required asymptotic property. We set

(9.11) Yo(s) = ¢(s)g(s — Logs),
and then define inductively

(9.12) Fo(s) = aet V(s + ¢) — Y (s),
(9.13) Yi(s) = ——f Fy(o) do,

(()14) Y,,+1(S) = ‘—afweayn(o' + 0) do (n = 1) 2) tre )

We shall prove the following estimates, which also serve to justify the
convergence of the integrals in the above definitions:

(9.15) | Fo(s)| = Ks| ¢(9)|
for sufficiently large s, say s = R1= Ry, and for some constant K ; and
(9.16) | V,.(s) | = KL{s+ (n — 1)c}“‘”"l¢(s) l e® (nz1,s2 Ry,

where p(s) =L Y o {Log(s+nc) }2/(s+nc)2 Once (9.15) and (9.16)
are proved, as they will be below, we form

v(s) = 3 7a(s),

7=

the series being absolutely and uniformly convergent for s = Ry, and
we have

i | Ya(s)| < KL|o(s)| e® i (s + ne)—+*

n=1 n=0

constl o(s) ] st

| ¥(s) — Yols) |

A

IIA

This shows that Y has the correct asymptotic behavior, and to show
that Y is a solution of (9.1) for s = Ry, it suffices to note that
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Yi(s) + Yi(s) = Yi(s) + Fo(s) = ae*Yo(s + 0),
Y:.+1(s) =gage'Vo(s+¢) (m=1,2,--").

It remains only to prove (9.15) and (9.16). To prove (9.15), we use
the periodicity of g and (9.4) to write

Fo(s) = ae'p(s + c)g(s — Log(s + ¢)) — ¢'(s)g(s — Log s)
— ¢(s)g'(s — Log s)(1 — s7)
= ¢/(){g(s — Log(s + ) — g(s ~ Log s)} — #(s)g'(s — Log s)
+ 0{¢(s)(Log 5)¥/s}.

The term involving ¢'(s) may be written, using (9.2) and the mean
value theorem,

—c19(s){ —s + Log s + O(l)}g’(a') Log(1 + ¢/s)
= ‘lqs(s){s — Logs + O(1)}g’(a),

where s—Log(s+¢) <o <s—Log s. Hence
Fo(s) = ¢(s){g'(s) — &'(s — Logs) + O[(Log 5)*/sl},
and (9.8) follows from the fact that

| ¢(0) — g'(s — Log s)| = const|e — s + Logs |
< const | Log(s + ¢) — Log s |* < const(c/s)".

To prove (9.16), we note that p(s) is finite and decreases to 0 as
s— o,

For n=1, (9.16) follows from
I Yi(s) |§f I Fo(a)l do = Kf 0"“|¢(a)l de

< KL f ”U-H(— l6(o) ") do by (9.8)

= KLs"H’| 6(s)| £ KLs | ¢(s) | e@.
If (9.16) has been proved for #, then

| Vara(s)| =] a| KL f °°e«(a+m)—1—°| d(o4c) | et do

- f w(a_l_nc)_.x—o{ 14+ L(Log (,)2/02}6.,(«4-:){ — | #(o) 1/} do
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by (9.9). Since the first three factors in the last integrand are de-
creasing, we obtain, noting that { 1+L(Log 5)2/s?}ert+o Seo®),

| Yara(s) | = KL(s + ne) | ¢(s) | e,
so completing the proof of (9.16) by induction.

10. Asymptotic form of solutions when A>1: distributional asym-
totic behavior. The treatment of the case A>1 given in §§7-9 seems
unsatisfactory in two respects. In the first place the assumption of
Holder continuity on g(s) (see Theorems 8-10), although necessary
for technical reasons, appears to be rather unnatural. Nor did we con-
sider the question whether those solutions which do have the asymp-
totic behavior discussed in Theorems 8—10 can be detected by their
behavior on a finite interval, say [xo, Axo].

In order to resolve these points we shall consider in this section a
larger class of solutions. Since, however, the most general solutions
would be quite unmanageable (see §1), we shall still restrict ourselves
to solutions having an asymptotic form such as x* g(Log x) as x— ),
but we shall now allow g(s) to be a distribution. We therefore start
by introducing the concept of a distribution in this context.

In what follows we mean by a distribution g(s), a complex-valued
distribution on (— , ) [see [11] for the basic definitions]. If g(s)
is not equal to a function, g(s) is only a symbolic notation. If ¢(s) is a
test function (infinitely differentiable function with compact sup-
port), we use also the symbolic notation [g(s)¢(s) ds for the func-
tional (g, ¢). (Here and in the sequel, an integral without indication
of the limits is understood to be taken over (— «, ©).)

The notation g(s+c¢) denotes the distribution obtained from g(s)
by a left translation by ¢, i.e. g(s+¢) is defined by

fg(s + 0)¢(s) ds = fg(s)t.b(s — ¢) ds.

The distribution g(s) is periodic with period ¢ if g(s+c) =g(s).
We say a sequence {g.(s) } of distributions converges to a distribu-
tion g(s) (in symbols g,(s)—g(s) as n— ) if

(10.1) [ a6y as - [ g0 35 asn— =

for each test function ¢(s). As is well known [11, p. 74, Theorem
XIII], this “weak” convergence is equivalent to “strong” conver-
gence, i.e. it implies that the convergence is uniform on any bounded
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set of test functions. (A set {qS(s)} of test functions is bounded if all
¢(s) have a common compact support and if, for each fixed £=0,
1,2, - - -, all d*/ds* are uniformly bounded.)

We recall that the relation g,(s)—0 can be differentiated any num-
ber of times.

We shall say that a distribution g(s) is asymptotically zero as s— o,
and write

d
(10.2) g(s) ~0 ass— oo,

if the sequence { g(s-{—h,,)} converges to zero for any increasing se-
quence {h,.} of real numbers with k,— . It is easy to see that (10.2)
is true if g(s) is a function such that g(s)—0 as s— » in the ordinary
sense. The relation (10.2) can be differentiated any number of times;
and it is trivial that if g(s) is periodic and satisfies (10.2), then g(s) =0.

We write gi(s) Lga(s) if gi(s) — ga(s). 2.0.

Now we can state a theorem that supplements and generalizes
Theorem 8. We follow the notation used there, i.e. c=Log A>0, ko is
a particular value of log(—b/a)/c, k=re ko=Log|b/a| /c. Again we
mean by a solution an infinitely differentiable function on [0, )
that satisfies (1.1).

TuEOREM 11. Let 5>0, A> 1.
(1) If y(x) is a solution of (1.1) such that

d
(10.3) e*ey(ef) ~0 ass—> o,

then y(x) =0 identically.
(i) Let g(s) be any periodic distribution with period c. Then there is
one (and by (i) only one) solution y(x) of (1.1) such that

d
(10.4) e*ey(e?) ~ g(s) ass— o,
and on any interval [xo, Nxo] with x0>0, y(x) satisfies the inequalities
(10.5) |y™ (@) | < ME2 (n=0,1,2,--+)

with some constants M, K >0 which depend on x,.

(iii) Let y(x) be an infinitely differentiable function on [xo, Nxo]
satisfying (3.1) and (10.5), where xo> 0 is arbitrary but fixed, and M and
K are now any given positive constants. Then y(x) can be extended, in a
unique way, to a solution on [0, ») of (1.1), and there is a unique per-
todic distribution g(s) of period c¢ such that (10.4) s true. Further,
g(s) is a smooth function if K is sufficiently small.
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REMARKS. 1. There is a similar theorem for the case 5 <0, with the
obvious modification due to the existence of the distinguished solution
v1 (see Theorem 9); we do not state it explicitly. We have not con-
sidered the case b=0.

2. The uniqueness result (i) is a generalization of Theorem 8(i).
The proof given below is quite different from the previous proof and
depends heavily on the results for A <1, while the previous proof is in-
dependent of the case A <1. For this reason we have thought it worth-
while to give both proofs.

3. As we have pointed out earlier, there is a striking analogy be-
tween (10.5) and (4.3), in which the roles of y(x) and g(s) are inter-
changed.

Proor oF THEOREM 11(i). Suppose y(x) is a solution of (1.1)
satisfying (10.3). It will suffice to show that [y(e*) ¢(s) ds=0 for any
test function ¢(s) with support smaller than ¢ in length.

Let ¢(s) be such a function, so that there is a value s, such that
&(s) =0 unless so<s<so+c¢, and set u(x) =x"1 ¢(Log x) for xo=x
=M\x,, where xo=¢e%*>0, so that #(x) vanishes identically near the
ends of [xo, Mxo]. We can then extend u(x) to a solution on (0, «) of
the functional equation

(10.6) w'(x) = — ax"2u(\"%) — A" u(x),

by the general arguments discussed in §1, and we note that (10.6) is
of the same form as (1.1), with N replaced by N'<1. It is easily
verified, by differentiating and using (1.1) and (10.7), that we have
the identity

(10.7) fxxoy(é)u(g) dt — Aa y(x)u(\x) = A = const,

z

and putting x=x and using #(\x,) =0, we obtain

Azg
(10,8 a= [ 7 y@uw ot = [ 0 as
zo
Our proof is therefore complete if we can show that 4 =0.

To this end we rewrite (10.7) in terms of the variable s =Log x, and
then “mollify” it by multiplying by ¢ (s —p) and integrating with re-
spect to s, where Y(s) is a test function such that Y(s)=0 and
JY(s) ds=1, and where p>0 is some constant. The result is, after
change of the order of integration,

(10.9) f y(eu(e)n(s — p)et ds — ra™! f y(e)ulet (s — p) ds = A4,
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where ¥1(s) = [, ¥(¢) dt is also a test function.
The first integral on the left of (10.9) may be written

(10.10) f e*y(e)w,(s — p) ds = f ek to)y(gote) gy, (s) ds,

where w,(s) = e%otDG+ody (esto)y (s), and the set of functions {w,,(s)}
for varying p >0 form a bounded set of test functions, since Y;(s) is a
fixed test function and e®tDsy(e®) is a bounded function together
with all its derivatives as s— . (This is part of the proof of Theorem
3(iii), applied now to (10.6): note that —bA"!/aA—2=—Nb/a
= (\"1)~&otD ) Tt then follows from (10.3) that (10.10) tends to 0 as
p— o through any sequence; recall the remark after (10.1). Similarly
we can show that the second term on the left of (10.9) tends to 0 as
p— o, and this gives 4 =0, as we wished to show.

Proor or TarorREM 11(ii). If g(s) is a periodic distribution, it is
essentially a distribution on a torus and hence has a Fourier series of
the form (4.7), where ¢,=0(m?") for some positive integer N [11,
p.224].

Now define ¢}, successively by ¢ = ¢, and

r

Cm = c,r,._l/(r + ko + 2wime _l)

(10.11)
m=0,+£1,+2,---3r=1,2,...).

This construction is possible unless ko= —7» — 2wimc—! for some r and
m. Assuming, for the moment, that the exceptional case does not
occur, we see that ¢, =0(m™?) if = N+2, and fixing one such r, we
set

(10.12) gr(s) = Zw: m exp(2wims/c).

Mm=—0c0

The series converges and g"(s) is Holder-continuous and periodic with
period ¢. Also (10.11) implies that

(10.13) eror(em*d/ds) e ®otregr(s) = g(s)

in the distribution sense.
Since g7(s) is Hélder-continuous, there is by Theorem 8(ii) a solu-
tion y7(x) of (1.1) with @ replaced by e\ such that

(10.14) g~ Fotyr(x) = g'(Log ) + O(x?) asx— .

where >0, and this implies that
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d
(10.15) e kotrsyr(en) ~ go(s) ass—> oo,

Now y(x) = (d/dx)"y"(x) is a solution of 51.1), and furthermore we see
from (10.13) and (10.15) that e~*o*y(e*) Lg(s). For (10.15) can be dif-
ferentiated any number of times and hence admits the application of
the operator e~*(e~*d/ds)Te*vt"* which is a differential operator with
constant coefficients. Thus y(x) is the solution of (1.1) with the desired
asymptotic properties.

In the exceptional case mentioned above, we may assume that
ko= —r, for some integer 7,>0, for ky is undetermined up to an
integral multiple of 2wic—!. We then consider go(s) = g(s) —co. For this
go(s) the construction (10.11) is possible if we set ¢g=0 for all >0,
and in this way we obtain a solution y.(x) of (1.1) such that
e Fo? yo(e’),igo(s). On the other hand, we know by Theorem 8(ii)
that there is a solution y1(x) such that e~*o y;(s).%co. Then y(x)
=yo(x) +y1(x) is the desired solution.

We next prove (10.5). Since y(x) satisfies (1.1), we have

zo
9@ = Sy — a [ @=0y00) de,
and using (1.1) again, we obtain easily the estimate
l y,(x)l = (Zl dl +0)M for \lxy < x = %o,

where M =max|y(x)| for xo<x <\xo. If we denote by ||f||» the maxi-
mum of | f(x)| for x & [Amx,, A™+1x,], the above result may be written

[5/llm = @[ a] + B)[5llmr,
and since y™ (x) satisfies (1.1) with a replaced by a\*, we have
(10.16) [lye+ollm = @] a| A 4 B)[ly®||mss.
Successive application of this inequality gives
ly@llo = 2] a] + p)mane—vr]y]..

Since y(x) = (d/dx)"y"(x), where y"(x) is as given above (again assum-
ing the nonexceptional case for the moment), we obtain in the same
way

Il = @la| Xt +0) - - 2] a| X7+ B)l|y'][nsr
= @la| + o)y

But we see from (10.14) that y"(x) =O(x**"), and hence ||y'||,,+,
S MA@+ Altogether, therefore, we obtain

(10.17)

n-re
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”y(n)llo < M(2| a| + b)roane—Diz (k0 o)

which is equivalent to (10.5). (The exceptional case offers no further
difficulty.)

Proor orF THEOREM 11(iii). Suppose y(x) satisfies the conditions
stated. Then y(x) can be continued to a solution on [0, ) of (1.1)
(see §1), and we have

y(Ax) = o7(D — b)y(x),
where D=d/dx, and

y(A%) = a7y’ (\a) — by(Ax)] = a7'(A"1D — B)y(\x)
= g %D — b)(A\~'D — b)y(x).
Proceeding in the same way, we obtain

YAHig) = =@+ (D — (D = B) - - - (A"D — by(x)

(10.18) _ oD E" A= 5" D"y (@)

m=0

where A% = Y N—#—#=‘*'~in, the sum being taken over all indices j,
such that 055 <4< + + + <jw=n. Writing j,=r—1+4k,, we have

n ~m(m—1)/2 —ky— - o—i k
A"‘ =X Z A ma

where the sum is to be taken over 0=k k< - -+ <k, <n—m+1.
This sum does not exceed

(Zr)m=a-rom,

k=0
so that

(10.19) 0= An A" Y™
Since (10.5) may be written |Dy(x)| <|a| MiKI\*—DI2 we ob-
tain, from (10.18) and (10.19),

|y | < M0/ o))" 3570 =2 Y "KT

(1020) M3/ | a|)"[1 = Kib=1(1 = M)t for & € [xo, Ao,

provided K; <b(1 —\-1), which is the case if K is sufficiently small.
Now (10.20) implies that y(x) =O(x*). Similarly we can prove that

y'(x) =0(x=1) if K is sufficiently small. Then the same argument as

in the proof of Theorem 3(iii) applies, with the result that y(x) =
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x¥o(g(Log x) 4+ O(x~1)), where g(s) is a continuous periodic function of
period ¢. This proves (10.4).

The general case when K is not so small can be reduced to the
above case by “integration.” In general one can find a solution y"(x)
of (1.1) with e replaced by aN—" such that (d/dx)"y"(x) =y(x); the
construction is given in the proof of Theorem 5(ii). (There is an
exceptional case in which this fails, but the present proof can easily
be modified to meet such cases.) Then (10.5) becomes

I Dnyr(x) I =< M K7\ (n—r) /2 é MZ(K)\—-r)n)\n’IZ (x e [xO, )\xo])

for n=r, and the inequality is true also for n<r if M, is adjusted.
Since KA—T can be made as small as we please by taking 7 large, it
follows from the result proved above that y"(x) has an asymptotic
form of the type (10.4). Then the desired result for y(x) follows by
differentiation (cf. the computations in the proof of (ii)).

Finally, the uniqueness of g(s) follows from a remark given after
(10.2).
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